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A nmgnetogasdynamic theory of galexies is presented. The theory
provides an energy source for the coronsl heating called for in
theoriee of Plkelner and Spitzer. The magnitude of the energy source
can be calcul:ted and appears adequate for Spitzer's theory and pos-
8ibly for that of Pikelner. In order to agree with other aspects of
our knowledge of spiral galaxies, bar spirals in perticulsr, it is
necessary to agsume that spiral arms are shaped by supersonic drag
with attendant shocks. The angnlar motion of the galaxy produces a

— flow-pattern in-H II gas such that the flow is subsonic withina -
certain distance from the galactic center and 1s supersonic cutside 1t.
We are thus led to what might be called the Sonic Circle Theory of
galactic structure. The "sonic circle” coincides, in the case of a
barred spiral, wit'h the extremities of the bar. The psper discusses,
with the sonic circle theory, various aspects of normsl and barred

spirals including our own galaxy.
I. IRTRODUCTION

Although muich work hos been done and continues to be done in an

attempt to explain gnlactic structure, slmost all basic questions per-

taining to pganlzctic structure remain unsolved. To the best of the

author's knoviedge there are still no generelly accepted uphmﬁ.wu

[



as to why (a) a spirel galaxy rotates with arms trailing, (b) the
tips of some bars are kinked, some not, and (c) some spirals are
barred, some not. In the present paper we sholl attempt to devise
e negnetohydrodynemic theory that seems to provide possible answers
to questions of the kind just mentioned snd furthermore allows us
to calculote certain quantities that can be checked against their
values obtained independently fram other theories.

We are moinly concerned with the galactic theories of Spitzer
(1956), Pikelner {1958), and those contained in the review aerticles
of van de Hulst (1958), and of Perker (1958), and the work of several
other cuthors, to be mentioned later, who have contributed to our
knowledge of the magnetic fields, the structure, and the kinematics |
of gmlaxies. In 8ll these speculstions beyond the reach of simple
observation it is necessery to rely on a very broad field of
astronomicel endeavor ranging through measurement of the polariza-
tion of starlight, measurement of coamic reys, and radlo and optical
astronomy.

For brevity we shall refer to our new theory as the Sonic Circle .
Theory of Galactic Structure, hereafter referred to as the Sq theory.
In the SC theory a spiral galaxy is envisioned as consisting of plasna-
magnetic srms, spiral shaped, and in rigid body rotation, in & medium
vhich consists princﬂ&ﬁlky of a contimmm of H II gas but also includes
less importantly stars and clouds of H I. The hallmerk of the SC

theory is the sonic circle outside of which the motion of the galactic

arms in H II gas would be impeded by supersonlc drag; inside, the
1. ] ﬁ,“ - ‘ ¥




subscnic drag would be comparatively slight. The radiml difference
between *he character of subsonic and supersonic flow provides a natursl
alternative separating the two branches of the Hubble classificatién of
either normael spirals or bar spirals: normal spirals will have the sonic
circle inside the nucleus while barred spirals will heve the sonic circle
outside the nucleus &nd, furthermore, the tip of the bar will coincide with
the sonic circle.

The sbility, no matter how satisfying, of a galactic structure theory
to provide plsusible explanetions matching the observed varieties, needs
to be supported by some guantitative checks of the suggested mechsnisms,

Fortunately, we find in the llterature two theories concerning galexies

which lead to certain quantitative results in common with some from the ... ... . ..

SC theory. We conesider these quantitative checks, early, because of their
importance, and practical independence of other detailed features. The
over-sll plen is, by section:

IT. QUAITITATIVE VERIFICATIONSs ITI. PRACTICAL CGALAXY MODEL, presented
ere data {rom the literature to support Sectlon IIy IV. BASIC IDEA, the

& theory is formally introducedsy V. ROOT BENDING QUESTION, an interesting
aspect of the SC theory 1s considered in detail; VI, THE HUBBLL CLMSSIFI-

CEATION AYD THE ST THEQRY.

II. QUANTITY.TIVE VERIFICATIONS
In *his section we use meny numericel values pertaining to galaxies

but defer reference to the source material until the next section, II1.
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a) Coronol Temperature

The galactic srms are known to rotate and the arms trail.
Furthermore, the meterial epeeds, of the arder 220 kn sec™! in our
own galaxy (van de Hulst, H. C., 1958, p. 915) are known to exceed
the speed of sound in H II gas, 19 km sec™! (Kaplan, 8. A., 1958, p. 62).
We infer thet the arms may be producing shocks in the H II mediun.
Can the shocks produce temperatures corresponding to that believed
to exist by Spitzer (1956) in the galactic corona? To investicate
this question we estinmate the temperature rise of H II through the
shock. The pressure of H II shead of the shock is known since we
have ny and T,, the particle density and temperature, respectively,
of the corona in and near the disc; the pressure pp, behind the
shock we toke as the same onier’ es the magnetic pressure in an arm.
Figure 1 (/paaiSNRESeNR) shovs how we envision the problen.
Btrong shock theory (Kaplan, 1958, p. 66) gives the following formula

for the temperature ratio

1w
T, by
- e
with ny = 1070 er™, X = 1.38 x 107 erg %k, T, = 10" %K, and
Py = .33 x 1071 dyne m™®. Therefore, if we toke Po equal to the

3

arm nagnetic pressure corresponding to H = 3 X 10 ° gsuss, we have,

using p=H2/&t vhere p is pressure dyne cm™< end H 1is field

2

inteasity in geuss, P, ¥ 5.6 x 207 dyne cn™. The equetion for

the tauperature ratio now gives T2/Ty = 0.7 X 102. Therefore, since
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T = 1Obr OK the shocks might be capable of producing the 106 oK
temperature in the corona called for in the 8pitzer theory, for,
vhile we cannot trace the shock details into the high corona, the
terperature ~106 OK preveils even close to the disk, hence near
vhere our calculation applies. The Pikelner theory does not have

such & severe tempersture requirement, only 101‘L %K.

b) Coronal Energy Source

The energy sources for maintaining the temperatures of the
Pikelner (1958) and Spitzer (1956) coronag have never been established.
In the cese of the Pikelner halo, the dissipation is such that Pikelner
(1958, p. 230) hus to seek the source in the galsctic mucleus. On the
other hand, Spitzer (1956, p. 31-32) mentions several possible heating
mechanisns, one of vhiéh §cs£u1ates shock waves produced by noving grs
clouds as =« possible heating mechanism; in this connection, we take
the viev that a spirel arm could qualify as & moving gas cloud. In
the case of the Pikelner halo, shocks ere considered the heating
source but there 1s no known driving mechaniem for them, of the strength
required, outside of the gmlectic mcleus.

Can the shocks produced by the moving gelactic ams qualify as
the encrgy source? Consider the work per second done by the am
magnetic tension on the portion of the arm farther from the gmlactic
center than our sun. This is, per arm, pAV cos a vwhere p 1is the
magnetic tension in the axm, A is arm crosse-sectional area, and V

is our sun's peripherel speed. In an order of megnitude calculstion,



the s.iral angle ¢ of the arm will be neglected, especially since the

arms ¢’ rost relaxles tend to be tightly wound. The pressure p has been

alfeady computed &8 Py in the previous calculation, therefore, p = 3.6

X 10-11 d:me cn-z. If the arm thickness is 250 pc and three times that
wide, we have L = 1,8 x 1042 cmz. We then heve for the power output of
two arms ZpAV cos g T 2.8 X 1039 erg sec_l.

The dissipations required by Spitzer and Pikelner are shown in
fMgure 2.

/e sme thet the energy supply is capeble of driving shocks that could
heat 4l Soitzer corona.

Tils should not be interpreted as meaning that the Sritzer model is
necessarily favored by the present celeculation. Ve could zasily be low 7
by & considerable amount in our estimates of the arm rotational speed
which, in the SC theory, mey be quite different from the generel galactic
materiel yotatlionsl speed. The reason is that the arms in our view move
througsh the ralactic medium just &s the shocks do. In this ovrocess, con-
siderable rotationsl motion is likely to be imparted to the galactic med-
ium outside the erms, and it could be this motion that accounts for mosi
of the rrlsmctic rotation that we measure while the rotationel apeed of
the shocks and arms may be still considerebly higher. Thus, the Pikelner
ener.y supply could conceivebly be attained but it would be necessary to
sssume Mech mumbers of the order of 100 in order to get sufficient incresse
in V.

The foregoing energy supply calculation neglects the energy supplied

by the outflow 6f gas along the galactic arm. If a rotating jet
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of gas in & stationary gaseous medium be considered we see that the
rotary motion of the Jet can under certain conditions give rise to
sho:ks just as any rotating solid body can and hence the outflow
along the rotating arm can contribute to the coronal heating just

as en arm with no outflow can. (The arm with no outflow can be
likened to o whirling rope, for which there would be no outflow, which
tekes up & spiral shope due to drag and provides & heating effect.)

In our calculstion we considered only the case without ocutflow along
the crm. The irmportont thing, however, is that we erred on the low

cide by neglecting the outflow in. celculnting our energy supply.

c) Energy That Goes Into Drag

In the preceding calculstion, we found thet the work done on e
the gnlectic arm by the magnetic tension was sufficient for coronsl
heating but we still would like to verify that this enara'*could i <o)
in turn into dreg end so heat. Let us consider the Newtonian approxie
metlon for hypersonic drag to test whether the drag could be high
enough to absorb the energy put into the arm. The drag of a body of
thickness %, length b, such that the fromtal ares presented to the
streem is tb, with proton density n, and velocity V, will be
mtbVe  for nonspecular reflection and where m 1s the proton ruse.

Then for two zrms we have the power absorbed by darag

Energy gec™! = (2)nnrt;bv3
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We tcke t = 250 pe for the galactic arm thickneses; we let b equal
the difference in radil of innermost and cutermost arm distances,

about 5 X 107 pc; n = 0.1 em™; V = 220 km/sec. The result is

Energy pec b T 3.5 X louo

which is again entirely adequate for the Spitzer theory and, since the
arn speed could be much greater thun the material speed, thies figure
could again be adequate for the Pikelner theory too.

It appears, in concluding this section, that essocisting galactic
arms with ghocks leads to resulte that are compatible with those from
existing theories of gmlactic structure.

/ 7 [
ITI. PRACTICAL GALAXY MOIEL

The following description of a spiral galaxy is believed to be
representative for the purposes of order of magnitude calculstions.
Mumnerical values are shown in figure 2.

The galactic halo or corona is, in Spitzer's theory (1956), at
a tempersture of ~106 °K. This constant temperature prevails throughout
& spherical volume with diameter roughly as large as the galaxy itself.

In and neur the disk, the temperasture must huve the more ' uniliar
intersteller H II value 10* 9K (spitzer, p. 7, 1954). We still have,
however, pressure equilibrium between H I and H II regions and therefore,
since we have 10 H atoms cm™ and 100° K in the normal H I cloud, the
density in and near the disk would be the usual intersteller vslue

10-1 electrons or protons cm™>, These figures, 10" ox and 107} "3
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for tewpereture and dcnsity, are in line with those of Psrker (19:f,
n, 9N). The Pikelner (1958, p. 937, section 7) corona is cooler,
thfoK throuchout with sbout the seme perticle density (Pikelner 1978,
p. 936, end of section 3) we ascribed to the Spitzer model in the disk
vieinity,
The magnetic field intensity in the corons is ebout on order of

racnitude less than that in the galactic arm. The arm vglue is the
5

-5
gauss with 3 X 10 ~ gauss (Woltjer

order (Perker 1958, p. 957, &) 107
1342, p. 166) tending to become accepted in the most recent literature,
althouph this value was not regarded as unreasonsbly high previously.
The coronal value would then become 3 X 10—6 geuss which corresponds
alsc to the pressure of a gas under the conditions which we have

sdopted for the coronsl gas in and near the disk.

Some recent quotations on megnetic fields are given by Sclame
(1962, p. 317-25): spiral arms, 5 X 10-6, disk, 2 x 10‘6; halo, 10—6;
interzalactic space, 5 X 10—’7 geuss. (However, the value for the arm
scems low, for reasons given by Woltjer (1962, p. 167).)

“urthermore, Biermsnn and Davis (1960, Abstract) deduce 2 X 10—5
cavss for the average disk value while the values in the arms themselves
should be higher. See also Elvius and Herlofson (1960, p. 307) who
consider arm values 1 - 5 x 107~ gauss,

For leter use we also need some kinematical and geometrical infor-

mation on galaxies. The thickness of a galactic arm is taken &s 250 pc

(van de Hulst 1958, p. 922, Tab. Iy) and the width as three times this.
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The angular veloelty of an arm of our own galaxy is presumed to be
given with sufficient accuracy by the ratio of the sun's peripheral
speed, about 220 Im sec-l to the sun's distance from the galactic
center ebout 8.2 X 103 pc.

The Spitzer corons dissipstes energy by radistion with the

39

rower (Spitzer 1956, pe 31) 1.2 X 1077 erg sec-l; the corresponding
nmunber “or the Pikelner corone is (Pickelner 1958, p. 736, section 4)
2 ™ IOAL erg sec"1 which Pikelner stetes to be greeter thsn sny

mown power .supply outside of the galactic nucleus.

TV: BASIC IDEA

Tn the preceding section, the point of view was teken that the
falactic arms were phenomena of high speed aerodynamics and attention
was focused on the quantitative checks to which such & view could be
subjectad. We shell now take the straightforward approsch. The basic
idea is that the rotating arms, or ber, or disc, of the various galac-
tic svstems will at some radius from the galactic center exceed the
speed of sound ( in H IT gas) end, outboard of this radius, shocks
will form shead of the erms and bend the arms beckward in a spirel
pattern. This ides implies several subordinate ideas (2) the H II
cas forms a continuum (es a cOmpagpively resting background), (b) the
ermg are somehow like solid bodies rotating through the H II medium,
(¢c) the arms sctuslly exceed the speed of sound in H II, (d) we csn

neclect the ensnering, as it were, effcct of the background field lines

on *the erms which would cause & "majnetic drac"., We now consider these

¢
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separetely: (a) Our view on this is as stated by E. . Parker
(Perker 1958, p. 960, p. 965). Most of interstellar space is
pervaded by tenuous H II gas at 10% °K (with 106 °K called for in
some theories) with H I relatively dense in clouds. (b) The erms
are considered to be plasma-magnetic structures and since the H II
plasma is infinitely conducting the magnetic fields sre frozen into
the arm H II whereas H IT already externel to the arm remains ex-
ternal, Therefore, the moving arms will act like solid vodies in

the H II. (c¢) The speed of sound in H II at 10,000 °K is 19 km

-

sec ". (XKaplen 1959, p. 20) The speed of our sun is an order of
magnitude faster, however. Therefore, there is no questlon that the

erms can have supersonic velocities at some distence {rom the nucleus.

(&) ﬁe aagﬁﬁe theré igrﬁ5ﬁiafge"ééale draé;;}%;ét;iof the disc mag-
netic field externsl to the arms, on the basis thet : (1) the kinetic
energy of the flow past the arms is about three orders of magnitude
greater than the megnetic energy? (2) there are no indications that
the magnetic fields in the halo, nor disc are especially likely to
retard the arme, &3 1 there were a lserge sca}e field perpindicular
to the disc} (3) there mey be other factors working to prevent the
background field from significesntly braking the arms such as the
magnetic geometry, or the likeliaood that the observed magnetic fields
ere locelized in the H I clouds with significantly weeker fields in
the H II continuum.

We now consider the question of the arm motion becoming supersonic

et some radius., A disturbance desoribing, at constant anguler rate w,
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a circle of some unspecified diecmeter in a ges will, in the small

disturbence approximetion, produce phenomensa governed by the wave

equrtion
1 1 1
—_— Py e o o
52 tt rTooTe, r2 ox + Y73 (1)

written for & potentisl e« in cylindricel coordinates [ixed in a
mecd.wt with sound speed &. These coordinates are sn nertial itreme
with the circle described by the distu.bance &s 1 = const in the
plene 2 = o. We now consider what happens when (1) is trensformed
to coordinates which rotate with the disturbance. In the new co-
ordinates r? 9’,?? the {low is steady, while the transformaetion is
simply 2z = 2, £ = «+ wt, r = r. Equation (1) now becomes in the
rotating system

1
+ + n  + [ I
sz ct‘r'r -;7' r e

which equation indicates an essentiel change in local flow character

(‘euster, p. 239-41) on a cylinder, concentric with 2z, defined by
2 2
wo T

1 - =0

2
a
or, at the radius where the velocity(”r\of the coordinates 1igidly
co-roteting with the disturbance, i1s just sonic. Inside the "sonic
cylinder" wr = & (Busemann 193¢, 1943) (Davidson 19%3) the flow is
essentially subsonic. If the disturbance is inside, no waves are

createdy 1f the disturbance is outside, waves are crested but re-

flected at the sonic cylinder, The wave pattern appears in figure 3
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\ v/ e foom om0 .
le with DR=w/a. An exemple of

for & disturbance moving on a eir

Q

this kind of wave propazation is given in plate T for motion in 2
shallow water tenk of (a) & point disturbance and (b) a redizlly
directed and submeréed rod. Unfortunately, the actusl surface wave
phenomena are not as simple 28 for completely submergsed (in a gas)
rhenomena so that the wave systems are somewhat more complicated
than indieated by equation (2)L Yevertheless, the photograph
illustrates the main features of our dlscussion for 1t shows how
the waves start on the rod st a certzin radius and how the waves
from the point disturbance do not propagate inside of that same
radius.r - -

Transferring the foregoing ideass over to galaexies we find an
explanetion of & bar spirasl (see figure 4a): the bar extends out
to the sonic cylinder. Inside the sonic cylinder, the erm would
experience only subsonic drag and would not be swept back. Outside,
the supersonic drag would sweep the arm beck.

Yormal spirals would be explained by supposing the sonic cylinder
to have & radius smaller then the nucleus, (figure 4b).

The picture that we have attempted to build up is sumnaerized
in fugure 2. Shown are the nucleus and two arms of 2 normel spirel
galaxy with the arms rotating behind bow shock waves.

We now consider some questions that often arise in the literature
on galaxies and see how they would be answered in the present theory:

() Why are some spirals berred, some not barred? Beccuse the
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barred spirel srm and moreover sctunally meintained their own rotation,
The shape that they took is sketched in figure 2. The motion méintained
by the water flowing outward in the tubes is the anguler motion labelled
W in the figure and which of course corresponds to galsctic rotation.
This rotation is caused by the force F which is due to fluid reaction,

in the kink of the erm, that involves restriction by the kink, change

of direction of momentum, and jrreversible effects there, #ll of which
can be present in the galactic counterpert. It would seem therefore that
there is no need to ask why the erm does not fail at the root because the
arm may actuelly be helping the rotation. This, of course, raises the
question whether the erms can cause the nucleus to rotate, however, we

do not consider the matter in this paper. In addition to maintaining

the angular motion, the force F in the experiment also caused the tube

to demonstrste another puzzling feature of barred spirals, namely, the
straightness of the bar between the hub (nucleus) and the kink or tip

of the bar. The outwerd component of the force F proves very effective
in meintaining the bar comparatively straight against the drag of the
water and the friction of the central pipe that had to rotate with the
tube. A sequence from & motion picture of the experiment is shown in
Plate II. One sees the shellow water tenk with a barred spiral arm

tube in motion in the weter. The verticel column is en aluminum pipe
which rotates with the arm tube and serves to feed the water that flows
outward through the tube. Water i1s introduced at the top of the aluminum

pipe (out of the picture).
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The experimentel setup is shown in plate III. The arm-simulating-
tube rotates immersed in the circular tenk. The aluminum pipe, which
rotates as mentioned above, and through which water can be introduced
into the arm tube hes a2 tee at the bottom end to which the arm tube
is fastened and the whole pipe assembly is supported on a thrust bearing

located where the technician is pointing.

VI. THE HUBBLE CLASSIFICATION AND THE SC THEORY

It is believed that the reader will find little difficulty in
explaining, with the present theory, the various spiral configurations
in the Hubble classification. For instance, SBc could be a new set of
arms thet have not yet been bent back very far so that the kink is not
pronounced. An SBb could be a late bar spiral in which the kinking
process is very advanced and the arms with little outflow have been
pushed well backy the tube experiment represented SBb well. The 8Ba
could then be an advanced state of SBb where the arms trail in a circle.
We mention these explanations only in the interest of making the impli-
cations of the present theory more cleer with the realization that
other explenstions for the Hubble clagsification already exist.

The normal spirals appeal to differ mainly in the tightness of
winding. We have not mentioned that differential rotation slsoc pleys
a role in the present theory in that it distorts the Mach waves that
are shown in figure 3. When there is considersble differentiel rota-
tion of the H II medium, it can be shown that the Mech waves are more

tightly wound. This means that differential rotation will cause the
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bow shock waves, behind which the arms advance, to be more tightly
wotnd. Thus we sece thet the verious normal spirels in the Hubble
clessification could he just manifestations of various states of
differentisl rotation. /ssuming the differentiel rotetion increases
with galactic ape, and since differentiel rotation causes the shocks
(hence, the arms) to be more tightly wound, we mee that Sc would he
early and Se would be lete.

Before closing, let us examine the tight-winding phenomenen in
more detail. Suppose first there is not differential rotation, we can
then have, see figure 6 (a) (for a disturbance moving in a circle of
radius r, at angular velocity wy and making a Mach wave at angle «
with speed of sound e) the relation sin « = g/rw. A% the sonic circle .
Ty welﬁézetféﬁli a, 80 Vé/u can be eliminated, leaving sin « = rs/r

which may be written in & form convenient for subsequent comparison

T ~-T 1

8 gin «
This equation gives ih terms of the sonic radius Tos the radius r
to = point on a Mach wave where the Msch angle is «,

Now suppose differentiel rotation is present of amount v (r) =
constant. The velocity disgram is as in figure 6b., We have
sin « = a/(rw-v). £t the sonic eirele, the difference vetween
wave and medium speed 1s a, which means row=v = a. These egquetions
leed to r-r 1

g5 = (
Tg ) 1+

i _y
sin «

i
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This equation shows ue bow ihs 7adics wieoe o hes & certain value

1s contracted according to the value of v. Since v oan be comsiderably
gresber than u,umMﬁamﬁmﬁmmﬁgMMmm
considereble. For instemce if v 1s only 28, the factor 1 / (1-+v/a)
is /3. .

Thenks are due to Dr. A. Busemenn for his suggestion to utilise

"~ 7 & éballow water analegy teok inm thi ; inve 7 ‘;i gt . N 7 7 7 -
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FIGURE 3. SONK CIRCLE AND D/STURBANCE

MOVING oN A RAD/US.
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FIGuRE 4. Sonic CIRCLE THEORY FOR
NORMAL AND BARRED SPIRALS.
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late II.— Motion picture sequence of a flexible tube simulating a
rotating galactic arm, see text, section V. Frame speed, 24 sec-1,
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